Genome-wide association studies through the Type 1 Diabetes Genetics Consortium (1-3) not only have confirmed the strongest association to single nucleotide polymorphisms in the DR-DQ region on chromosome 6 but also have reported an additional 50 non-HLA genetic loci of lesser association (1, (4) (5) (6) . Numerous studies confirmed the contribution of class II DR and DQ to type 1 diabetes risk and attempted to dissect the relative risk confirmed by these two closely located loci (7) (8) (9) (10) and to extend it to the HLA-DP locus as well (11) . Other genetic factors in linkage disequilibrium with DR and DQ may contribute to either enhancing or decreasing the risk through a possible association with islet autoantibodies at the time of not only clinical diagnosis (12) (13) (14) (15) (16) but also seroconversion (17, 18) .
DRB1 is present in all individuals. Allelic variants of DRB1 are in linkage disequilibrium with either none or one of the genes DRB3, DRB4, and DRB5. In addition, there are several related pseudogenes (DRB2, DRB6, DRB7, DRB8, and DRB9). Through next-generation sequencing (NGS), an integrated genotyping system of exons 1-4 was developed to type all alleles of DRB1, DRB3, DRB4, and DRB5 (19, 20) . Among individuals with the DRB1*03:01 allele, the DRB3*02:02 allele has been reported to show an independent risk for type 1 diabetes compared with the DRB3*01:01 allele (21) . The study concluded that the DRB3*02:02 allele not only was a marker of high-risk DRB1-DRB3 haplotypes but also increased the risk for DRB1*03:01 haplotypes, particularly in individuals homozygous for DRB1*03:01 (21) .
We previously reported that HLA-DR-DQ genotypes may define various autoimmune phenotypes indicating strong differential associations with GAD65 (GAD antibody [GADA]), insulin autoantibody (IAA), IA-2 antigen (IA-2A), or the three variants (amino acids R, W, or Q on position 325) of ZnT8A (ZnT8RA, ZnT8WA, ZnT8QA, respectively) (14, 22, 23) . In these studies, the analyses were limited to HLA-DQ alleles detected by allele-specific probes (24, 25) . A major limitation was that the DRB3, DRB4, and DRB5 alleles located between the DRA and DRB1 loci were not typed (26, 27 ). In the current study, we used NGS of all DRB alleles (19, 20) in consecutively diagnosed patients with type 1 diabetes with all islet autoantibodies analyzed (14, 28, 29) and in geographically matched control subjects (30) . The main goal was to test the hypothesis that DRB3, DRB4, and DRB5 alleles modify the risk conferred by DRB1 for islet autoantibodies and type 1 diabetes.
RESEARCH DESIGN AND METHODS

Study Design
We used a case-control study design to calculate odd ratios (ORs) for HLA alleles, haplotypes, and genotypes. Patients were from the nationwide Swedish Better Diabetes Diagnosis (BDD) study (14, 22, 28) , which has involved ongoing participation since 2005 of all 42 pediatric clinics in Sweden. American Diabetes Association and World Health Organization criteria were used for the diagnosis of diabetes and to classify the disease (31) . However, we included only patients who at the time of clinical diagnosis had one or several of the following autoantibodies against insulin: IAA; GADA; IA-2A; and ZnT8RA, ZnT8WA, or ZnT8QA (14, 22, 28) . The Karolinska Institutet ethics board approved the BDD study (2004/1:9).
Study Population
Nine hundred seventy patients given a diagnosis of diabetes between 9 months and 18 years of age were sequentially enrolled in the BDD study (14, 22, 28) . Four hundred forty-eight control subjects matched for age (1-18 years), sex, and place of residence were analyzed at the same time (30) .
DNA Extraction
The Plasmid Maxiprep Kit (QIAGEN) was used to isolate DNA according to the manufacturer's instructions from frozen whole-blood samples of patients and control subjects.
HLA NGS Analysis
The NGS HLA typing approach used PCR-based amplification of HLA and sequencing with Illumina MiSeq technology as previously described in detail (19, 20) . Briefly, the laboratory steps comprise consecutive PCR reactions with bar coding incorporated into the PCRs for individual sample tracking followed by application to the MiSeq system. Robust assays for each target loci of all HLA-DR alleles were developed. The depth of genotyping was extended to HLA-DRB3, -DRB4, and -DRB5 to include exons 2 and 3 for all DR alleles. The analytical tools to define haplotypes and genotypes were developed in collaboration with Scisco Genetics (Seattle, WA). To date, these tools have been tested with 100% accuracy on .2,000 control samples genotyped with the present NGS approach (19, 20) .
Islet Autoantibodies
GADA, IA-2A, IAA, and the three variants of ZnT8A (ZnT8RA, ZnT8WA, or ZnT8QA) were determined in quantitative radiobinding assays by using in-house standards to determine levels as previously described in detail (14, 32) .
Statistical Analysis
Because patients and control subjects were enrolled from a larger population study of type 1 diabetes, we used Epi Info 7.1.3.0 (http://wwwn.cdc.gov/epiinfo) for managing all epidemiological data, tracking all biological samples, and performing quality control analyses. For descriptive statistical data analysis, we used SPSS version 22 software (IBM Corporation, Chicago, IL) to calculate frequency distributions, visualizations, and two-group comparison tests of type 1 diabetes associations with pertinent epidemiological variables.
We performed allelic association analysis of multiallelic genes of HLA-DRB1, -DRB3, -DRB4, and -DRB5. Under Hardy-Weinberg equilibrium, the allelic analysis computes allelic frequencies among patients only, control subjects only, and the combination of both. Given excessive polymorphism, we chose to test allele-specific associations with type 1 diabetes by score test (33) . The score test evaluates the allele-specific score under the null hypothesis with no allelic associations and is referred to here as H-score because it was developed specifically for testing haplotype associations. Under the null hypothesis, H-score has an asymptotic normal distribution, which is then used to compute the P value. To estimate allelespecific magnitudes of the type 1 diabetes association, we chose the reference allele that has comparable allelic frequencies between patients and control subjects and has relatively high allelic frequency. In comparison with this reference allele, we calculated the OR for every allele. The OR of the reference allele is 1, an OR ,1 implies a protective allele, and an OR .1 is a risk allele. For all computations, we used the R function haplo.cc (http://cran.r-project .org/web/packages/haplo.stats/index.html). The function haplo.cc computes the haplotype-based association used for the haplotype analysis described next and assesses the allelic association by introducing a monomorphic locus as the second locus.
In the HLA-DR locus, alleles of HLA-DRB1 are in linkage disequilibrium with alleles of either HLA-DRB3 or -DRB4 or -DRB5. Hence, by treating these subunits and their allelic variations as different alleles, analysis of HLA-DRB1 and -DRB3, -DRB4, or -DRB5 by haplo.cc produces estimates of frequencies for all haplotypes provided that expectation numbers of corresponding haplotypes are five or more copies in both patients and control subjects. Similarly, the function haplo.cc produces H-scores and P values for all included haplotypes. By following the same principle of choosing the reference haplotype, we computed haplotype-specific ORs. To facilitate interpretation of estimated haplotype-specific ORs, we created a two-dimensional table showing H-scores for specific pairs of alleles at HLA-DRB1 and -DRB3, -DRB4, or -DRB5.
RESULTS
DRB1 Alleles
The NGS for typing HLA-DRB1 in Swedish patients with type 1 diabetes and control subjects identified 25 different DRB1 alleles. By using DRB1*13:02:01 as the reference (equal frequency in patients and control subjects), only seven other alleles showed no association with type 1 diabetes ( The NGS for typing the HLA-DRB3, -DRB4, and -DRB5 alleles revealed eight alleles (Table 2) . Subjects lacking any HLA-DRB3, -DRB4, and -DRB5 alleles (nonamplified, indicating the presence of a pseudogene) are also indicated as ID9. Using DRB3*03:01:01 as the reference (equal frequency in patients and control subjects), significant risk was conferred by DRB4*01:03:01 and DRB3*01:01:02 Table 1 -Estimated allelic frequencies in pooled samples, control subjects only, and patient cases only and computed H-scores and their associated P values and estimated ORs for HLA-DRB1 among 970 patients and 448 control subjects
Red is a positive and green a negative association of statistical significance.
( Table 2 ). The remaining alleles, except DRB5*02:02 (neutral), were negatively associated with type 1 diabetes: DRB5*01:01:01 . DRB3*02:02:01 . DRB5*01:02 . DRB4*01:01:01.
HLA-DRB1, -DRB3, -DRB4, and -DRB5 Haplotypes
Twenty-eight HLA-DRB1, -DRB3, -DRB4, and -DRB5 haplotypes were identified in the 1,418 subjects (Table  3) . Nonamplified DRB3, DRB4, and DRB5 were found on Table 2 -Estimated allelic frequencies in pooled samples, control subjects only, and patient cases only and computed H-scores and their associated P values and estimated ORs for HLA-DRB3, -DRB4, and -DRB5 (DRB345) among 970 patients and 448 control subjects
Red is a positive and green a negative association of statistical significance. To gain an intuitive insight into haplotypic modification of DRB1 by DRB3, DRB4, and DRB5 alleles, all H-scores (rounded to the integer for easy visualization) are shown in a two-way diagram with rows of DRB1 alleles and columns of DRB3, DRB4, and DRB5 alleles ( Table 4) . As shown, the presence of a single horizontal and vertical cross (i.e., DRB1*01:03 with nonamplified pseudogenes DRB1*15:02:01-DRB5*01:02 and DRB1*16:01:01-DRB5*02:02) implies that the association is haplotype specific; hence, one cannot differentiate effects of two alleles. The association between type 1 diabetes and DRB1*03:01:01 (H-score 9) was found to be affected by DRB3*01:01:02 (H-score 8) and DRB3*02:02:01 (H-score 4) . Similarly, the associations between type 1 diabetes and DRB1*07:01:01 (H-score 29) and DRB1*13:01:01 (Hscore 27) were modified by DRB3, DRB4, and DRB5. DRB1*07:01:01 was modified by both DRB4*01:01:01 (H-score 23) and DRB4*01:03:01 (H-score 13); hence, two DRB4 alleles with opposite risks when analyzed individually results in a negative association on the DRB1*07:01:01 haplotype. DRB1*13:01:01 was modified by both DRB3*01:01:02 (H-score 5) and DRB3*02:02:01 (H-score 27), which also showed opposite risks when analyzed individually, but when present in the DRB1*13:01:01 haplotype, the H-score of 27 indicated protection.
On the other hand, marginal associations of DRB3, DRB4, and DRB5 alleles are extensively modified by DRB1 alleles (Table 4) . For example, DRB4*01:03:01 was marginally associated with type 1 diabetes (H-score 13), yet its association was extensively modified by DRB1 alleles from protective (H-score 28) to high risk (H-score 15).
Haplotypic Interactions Between DRB1, DRB3, DRB4, and DRB5 and Islet Autoantibodies in Patients Levels of islet autoantibodies were determined at the time of clinical diagnosis. Levels, expressed in arbitrary units using in-house reference sera (14) or the World Health Organization standard for GADA and IA-2A (34), were transformed with cubic root to correct the excessive skewed distributions ( Table 5 ). The most common haplotype, DRB1*04:01:01-DRB4*01:03:01 (in 36% of the patients) was used as the reference. To ease interpretation, Table 6 lists the integer part of z scores, indicating a positive association (red), negative association (green), or no statistical association (no color) (absolute values of z scores ,2). 
DISCUSSION
Use of the NGS to type patients with newly diagnosed type 1 diabetes and control subjects resulted in the following principal findings. First, among the 25 HLA-DRB1 alleles, only 4 (DRB1*03:01:01, DRB1*04:01:01, DRB1*04:04:01, and DRB1*04:05:01) were positively associated with type 1 diabetes. The H-score was used as a way to rank the relative degree of protection. Second, NGS detected nine alleles of DRB3, DRB4, and DRB5, including chromosomes with only nonamplified loci. Only DRB4*01:03:01 and DRB3*01:01:02 were positively associated; the remaining five alleles were negatively associated with the disease. Most importantly, DRB4 was dichotomized in that DRB4*01:03:01 was positively but DRB4*01:01:01 was negatively associated with type 1 diabetes. Similarly, DRB3*01:01:02 was positively but DRB3*02:02:01 was negatively associated with the disease. Because either one of these two alleles may be present on a haplotype containing DRB1*03:01:01, it cannot be excluded that the risk of this allele for type 1 diabetes is affected by the DRB3 alleles to either increase or decrease the risk. Third, in dissecting the extended DRB1-DRB3-DRB4-DRB5 haplotypes (28 haplotypes were identified), a major finding was that the two DRB1*03:01:01-containing haplotypes remained positively associated with diabetes whether either DRB3*01:01:02 or DRB3*02:02:01 was present (although the positively associated DRB3*01:01:02 showed a P value Table 5 -Haplotypic association analysis of DRB1 and DRB3 or DRB4 (DRB345) haplotypes with five islet autoantibodies (IAA, GADA, IA-2A, ZnT8RA, ZnT8WA, ZnT8QA) among all 448 patients, with the most common haplotype DRB1*04:01:01-DRB4*01:03:01 as the reference
The yellow highlights indicate differences in haplotypic associations for ZnT8RA and ZnT8QA whether the DRB3 is either *01:01:02 or *02:02:01 on the DRB1*03:01:01 haplotype. Similarly, GADA and IA-2A vary dependent on the DRB4 subtype on the DRB1*07:01:01 haplotype. Association statistics are coefficients, SEs, z scores, and P values. Hap freq, haplotype frequency; t stat, t statistic. Table 6 -Patterns of haplotypic associations with autoantibodies (with z scores)
The yellow highlights indicate differences in haplotypic associations for ZnT8RA and ZnT8QA whether the DRB3 is either *01:01:02 or *02:02:01 on the DRB1*03:01:01 haplotype. Similarly, GADA and IA-2A vary dependent on the DRB4 subtype on the DRB1*07:01:01 haplotype. Green indicates negative associations; red, positive associations; and blank, null associations.
for risk that was three times higher than for the DRB3*02:02:01-containing haplotype).
More importantly, the marginal associations of the DRB3, DRB4, and DRB5 alleles were extensively affected by DRB1 alleles. The analyses of the different extended DRB1-DRB3-DRB4-DRB5 haplotypes strongly suggest that the risk for type 1 diabetes cannot be assigned to a single DRB1 allele but that DRB3, DRB4, and DRB5 in linkage disequilibrium have to be taken into account when dissecting the role of HLA-DR in type 1 diabetes.
The NGS offered considerable strength to the study. The method used allows extended DRB1-DRB3-DRB4-DRB5 haplotypes to be computed without information on descent. The sequencing of coding regions of exon 1-4 of both DRB1 and DRB3, DRB4, and DRB5 allowed the detection of all functional genes, whereas pseudogenes were not amplified. Despite the presence of pseudogenes in the DRB3-DRB4-DRB5 region, it was possible to compute complete haplotypes also in subjects with pseudogenes such as DRB1*01:01:01, DRB1*01:02:01, DRB1*08:01:01, and DRB1*10:01:01, respectively. The methods for NGS of HLA alleles vary between approaches and methodologies; however, the present method is a strength because it allows high-resolution typing of alleles, which until now have been understudied. In addition, due to reduced costs of PCR, novel instrumentations and approaches in bioinformatics make NGS HLA typing affordable and precise.
The current study population is unique because it represents consecutive patients with newly diagnosed type 1 diabetes in Sweden (22, 28) . The patients in the current study were all born to parents who were born in Sweden, as was the case for their grandparents (28) . According to Swedish pediatric diabetes guidelines, all patients with type 1 diabetes ,18 years old are seen by diabetes specialists in one of the pediatric diabetes clinics in Sweden. A potential weakness to this study is that we were not able for reasons of funding to analyze a control group of equal number as the patients. However, the current control subjects were selected to represent the geographical location of the patients (30) .
To our knowledge, there is only one previous publication on NGS of DRB genes (21), which studied 143 control subjects and 337 patients of a much larger cohort and reported that both DRB3*01:01 and DRB3*02:02 alleles showed an increased risk for type 1 diabetes. In particular, the authors suggested that on DRB1*03:01 haplotypes, the DRB3*02:02 allele contributes to type 1 diabetes risk (21) . The current analysis of patients with newly diagnosed type 1 diabetes and control subjects shows results consistent with this conclusion. However, the current results differ because we found that DRB3*02:02 was negatively associated with type 1 diabetes (Table 2) , and when considered with DRB1*03:01:01, we found that DRB3*02:02:01 reduced the risk for type 1 diabetes compared with the DRB1*03:01:01-DRB3*01:01:02 haplotype (Table 3) .
The DRB1*03:01:01-containing haplotypes may carry either the DRB3*02:02:01 or the DRB3*02:02:01 alleles. It was recently demonstrated that children homozygous for DR3/3 (DRB1*03:01:01/DRB1*03:01:01) in the TEDDY (The Environmental Determinants of Diabetes in the Young) study had an increased risk for developing GADA as their first islet autoantibody (17) . Further studies are therefore needed to determine whether DRB3*02:02:01 affects the risk for GADA as the first islet autoantibody.
The negative association of DRB1*01:03 with type 1 diabetes was independent of DRB3, DRB4, and DRB5 because it resides on a haplotype unable to express any of these DR subtypes. The interpretation is that the DRB1 protein heterodimer confers protection probably by inducing immunological tolerance.
A paucity of studies of other autoimmune diseases have investigated the possible contribution of DRB1-DRB3-DRB4-DRB5 haplotypes. Thrombotic thrombocytopenic purpura was reported to be positively associated with DRB3 and negatively associated with DRB4, although the DRB3 and DRB4 subtyping was at low resolution to conclude whether the association was due to linkage disequilibrium to either DR3 or DR4 (35) . The meaning of the results in the current study is that DRB3, DRB4, and DRB5 may affect not only the risk for type 1 diabetes but also the risk of having certain islet autoantibodies ( Table 5 ). The data strongly suggest that DRB3 on the DRB1*03:01:01 haplotype affects the risk of having GADA or ZnT8RA (positive association) or IA-2A (negative association). Patients with DRB1*07:01:01-DRB4*01:01:01 have an increased risk for GADA at the time of clinical diagnosis. Therefore, determining to what extent the DRB3, DRB4, and DRB5 b-chains are able to form heterodimers with the DRA a-chains is critical. It cannot be excluded that peptide presentation on DRB3, DRB4, or DRB5 heterodimers may induce immune responses related to autoimmunity. It was found, for example, that peptides from group A streptococcal vaccine epitopes are effectively presented on DRB3, DRB4, and DRB5 heterodimers (36) .
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